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An experimental study on picosecond laser induced plasma spectroscopy of a zircaloy sample with
low-pressure surrounding helium gas has been carried out to demonstrate its potential applicability
to three-dimensional quantitative micro-analysis of deuterium impurities in zircaloy. This was
achieved by adopting the optimal experimental condition ascertained in this study, which is
specified as 7 mJ laser energy, 1.3 kPa helium pressure, and 50 ls measurement window, and
which was found to result in consistent D emission enhancement. Employing these operational
parameters, a linear calibration line exhibiting a zero intercept was obtained from zircaloy-4
samples doped with various concentrations of D impurity, regarded as surrogates for H impurity.
An additional measurement also yielded a detection limit of about 10 lg/g for D impurity,
well below the acceptable threshold of damaging H concentration in zircaloy. Each of these
measurements was found to produce a crater size of only 25 lm in diameter, promising its
application for performing less-destructive measurements. The result of this study has thus paved
the way for conducting a further experiment with hydrogen-doped zircaloy samples and the further
technical development of a three-dimensional quantitative micro-analysis of detrimental hydrogen
impurity in zircaloy vessels used in nuclear power plants. VC 2011 American Institute of Physics.
[doi:10.1063/1.3631776]
INTRODUCTION
Thanks to its continued technical improvement and
innovation, the celebrated laser-induced breakdown spectros-
copy (LIBS) widely employed for practical and rapid spec-
trochemical analysis has found its way into an ever
expanding areas of applications in industries and research
laboratories.1–12 Recognizing its great potential for future
applications, a number of experimental studies had been per-
formed early in the 1990s exploring the possibility of
enhancing its performance in some particular cases by
replacing the commonly used ambient air with helium
gas.13–15 Subsequently, research interest along this line was
revived and intensified in response to the need of hydrogen
analysis in some important materials, such as zircaloy used
for fuel vessels in light water nuclear power plants, the
widely used titanium alloys in industry, and the non-alloyed
Ti used for medical purposes.16,17 The excessive penetration
of hydrogen into these materials is known to deteriorate the
mechanical strength and other useful properties of the mate-
rials, thereby jeopardizing their functional reliability.
Unfortunately, the usual LIBS method does not deliver its
standard excellent performance to the sensitive detection of
hydrogen.18 It is noteworthy, however, that significant
improvements have actually been made in recent studies
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using helium ambient gas, on the reduction of H emission
line broadening, the suppression of intensity diminution, and
reduction of spectral interfering effect of H from surrounding
water molecules,19,20 which are promising for the further de-
velopment of reliable and sensitive spectrochemical analysis
of hydrogen.
Those advances notwithstanding, the practical applica-
tion of the modified or extended LIBS method to regular H
analysis, especially for the regular in situ inspection of zirca-
loy vessels, is still in need of additional studies addressed to
several important practical issues and to demonstrate its rela-
tive advantages over the currently adopted destructive
method of gas chromatography which requires the sample to
be melted prior to its analysis. Among those issues are first,
the need of attaining sufficient range of linear calibration for
quantitative analysis and, second, the need of depth profiling
of the penetrated H distribution inside the sample in order to
yield the much desired three-dimensional information of the
H impurity distribution in the sample. We recall in this con-
nection that in spite of the achievement in significantly
reducing the water interfering effect reported in Ref. 21, the
linear calibration line attained was only limited to the small
range of 200 lg/g concentration of H impurity. This is
known to be well below the threshold value of 800 lg/g for
critical damage evaluation. The need for depth profiling is
related to the fact that the detrimental effect of H impurity
increases with its penetration depth. So far, experiments on
depth profile measurement of H impurity have not been per-
formed in our previous works, and published reports on such
experiments by different groups are also rarely found in the
literature. It is therefore the purpose of this study to address
those two issues and to find their appropriate solutions.
For that purpose, the previously employed nano-second
Nd-YAG laser has been replaced by its pico-second model,
for reasons to be given later. The experiment is also con-
ducted on deuterium-doped samples where the D dopant
serves as the surrogate for H impurity as adopted in a previ-
ously study to avoid the water interfering effect.21,22 It is
shown that we have succeeded in this experiment to obtain
the more adequate calibration line applicable to quantitative
hydrogen analysis as well as the result demonstrating the fea-
sibility of the development of three-dimensional distribution
of the D impurity in zircaloy sample.
EXPERIMENTAL PROCEDURES
A description of the basic experimental setup used in this
study is shown in Fig. 1. The chamber used is the same special
cylindrical chamber of 115 mm inner diameter employed in
our previous experiments16,17,19–22 It was designed with sev-
eral entry ports to allow the control and monitoring of the spe-
cific conditions inside the chamber as needed by the
experiment. The major modification of the previous experi-
mental setup is the replacement of the nano-second (ns) laser
by a pico-second (ps) laser (Nd-YAG, EKSPLA, model PL
2143, 1064 nm, 20 ps, maximum energy of 30 mJ) which was
also operated in the Q-sw mode at 10 Hz repetition rate with
the laser output energy fixed at the much lower level of 7 mJ.
The reason for the change is based on the suspected unfavora-
ble influences of the relatively long heating by the ns laser
pulse with relatively large ablation energy, which may give
rise to some unwanted thermally induced complications in the
sample, such as local volume expansion and impurity migra-
tion or segregation due to accumulated local heating during
the successive ablation process on the same sample spot.
These processes will in turn induce changes of local impurity
distribution leading to distorted experimental data. The ps
laser can, on the other hand, provide the same amount of
power density with much smaller laser output energy in much
shorter duration of irradiation. For the purpose of comparative
study, however, the ns Nd-YAG laser (QUANTA RAY,
model LAB SERIES, 1064 nm, 8 ns, maximum energy of 450
mJ) was also employed in this experiment and operated in the
same mode with the laser output energy fixed at 50 mJ. The
laser beam was focused by a moveable lens of 120 mm focal
length and directed onto the sample surface perpendicularly
through a quartz window.
The main targets employed in this experiment consist of
a set of zircaloy-4 samples composed of 98.23 wt. % Zr,
1.45 wt. % tin, 0.21 wt. % iron, 0.1 wt. % chromium, and
0.01 wt. % hafnium. These samples were prepared by pro-
longed high temperature and low pressure doping technique.
The resulting concentrations of deuterium impurity (60, 170,
540, 750, 900 and 1700 lg/g) were determined by gas chro-
matography. All the samples measure 10 mm 10 mm in
cross sectional area and 1 mm in thickness. After placing the
sample in the chamber, the chamber was evacuated using a
vacuum pump to a pressure of 0.1 Pa. Subsequently, the
chamber was heated up to 150 C for 30 min to remove most
of the surface water molecules. The high purity helium gas
(Air Liquid, 5 N) was thereafter introduced into the chamber
until a pressure of 1.3 kPa was reached at a constant flow of
2 l/min. The chamber temperature chosen for the heating
process in this experiment was lower compared to that used
previously (200 C),19,20 because the deuterium became
completely outgassed when the temperature was raised to
200 C due to the weaker bonding energy of Zr-D as com-
pared to Zr-H. The gas pressure of helium 1.3 kPa and the
above-mentioned chamber temperature (150 C) were hence-
forth kept constant throughout the experiment.
FIG. 1. (Color) Experimental setup used in this study.
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The plasma emission was detected by an optical multi-
channel analyzer (OMA system, Andor I*Star intensified
CCD 1024 256 pixels) attached on one side to a spectro-
graph (McPherson model 2061 with 1000 mm focal length
f/8.6 Czerny Turner configuration) and connected to an opti-
cal fiber on the other side. The entrance end of the fiber was
inserted through a cylindrical quartz tube well into the cham-
ber and kept at a position 6 mm above the sample surface
and at a distance of 80 mm from the center of the plasma. At
this position, the fiber was expected to collect the emitted
radiation entering within 27 degrees of the solid angle. The
spectral window of the detector has a width of 16 nm at 500
nm wavelength. The accumulated data of 10 detected spectra
from each irradiated spot were monitored on a screen, and
recorded to yield the averaged results presented here. During
the experiment, the gate delay of the OMA system was set at
10 ns for the ps laser and 200 ns for the ns laser unless other-
wise stated, while the same gate width of 50 ls was used in
both cases. The spectral resolution of the OMA system is
0.012 nm at 500 nm. The sample surface condition was con-
stantly monitored during the repeated laser irradiation and
data acquisition process, using a stereo microscope (Mini
Dia Stereo MDS-40, Nissho Optical Co. Ltd.) through a 50
mm quartz window installed parallel to the sample surface.
The working distance between the objective lens and the
sample surface was kept at 135 mm.
For the depth profiling of the penetrated impurity con-
centration, a preliminary experiment was carried out to
determine the total number of laser shots it took to “drill”
through the sample of a certain thickness. In the meantime,
the crater created by the ablation process was seen to deepen
with increasing number of shots, as observed by the stereo
microscope. The shot number can thus be used as a reference
measure of sample depth probed by each of the successive
laser shots.
RESULTS AND DISCUSSION
It is crucial for this experiment that the D emission line
can be clearly distinguished from the H emission. We have
learned from a previous study that very sharp and well-
resolved hydrogen and deuterium emission lines can be
indeed readily detected using ns laser pulses and helium sur-
rounding gas.21 That observation is verified in the present
experiment, prior to the exploration of the possibly more
favorable operational parameters with the use of the ps laser.
Figure 2(a) shows the result obtained from zircaloy-4 sample
containing 1700 lg/g of deuterium under different helium
gas pressures with relatively small laser energy output of 7
mJ, as chosen previously to obtain a good result for micro-
analysis with ns laser.17 It is clear from the figure that the
same excellent spectral resolution is achieved in the present
experimental condition. One further observes that the D I
656.1 nm emission intensity shows the most sensitive varia-
tion with respect to the gas pressure changes, while the H I
656.2 nm and Zr I 659.1 nm emission intensities are clearly
less affected by the gas pressure changes. A more complete
result exhibiting the present pressure-dependent variations of
emission intensities is presented in Fig. 2(b). It is seen that
all emission lines show the general trend of initial rise with
increasing helium pressure up to their individual maximum
values before reversing the trend beyond that. This general
feature is clearly consistent with the previous observation.17
The remarkably larger D emission intensity compared to the
H emission intensity can be simply attributed to the large dif-
ference between the D and H concentrations. Interestingly
though, this difference is seen to vary sensitively with the
gas pressure as noted earlier, reaching its maximum at 1.3
kPa in favor of the D emission. This helium gas pressure was
therefore adopted along with the 7 mJ laser energy for the
subsequent experiment.
The relatively insensitive response of Zr emission is
readily understood, as Zr atoms are mostly excited by laser
generated shock wave induced thermal effect. On the other
hand, no detailed explanation is available at the present for
those pressure-dependent behaviors, although the difference
can be qualitatively explained as follows. Certainly, the
increase in helium gas pressure implies a corresponding
increase in the helium concentration, and hence the available
energy for the He assisted excitation (HAE) process.
FIG. 2. (Color) Emission spectra taken from zircaloy-4 sample containing 1700 lg/g of D in different helium gas pressures (a) and (b) complete illustration of
pressure dependence for emission lines of D I 656.1 nm, H I 656.2 nm, and Zr I 659.1 nm in helium gas. Picosecond laser of 7 mJ energy was used and the
gate delay and width of the OMA system were set at 10 ns and 50 ls, respectively.
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Assuming that it is this HAE mechanism that plays the major
role for H and D emission, as reported previously,16–20 the
different quantities of H and D atoms available in the plasma
for the excitation process should naturally account for the
observed different intensity variations with respect to the gas
pressure, because the D dopant concentration is known to far
exceed that of the H atoms from the residual water mole-
cules. It is important to note that this observation is not
related to specific different structures or properties of the
two atoms; it is therefore reasonable to expect that the same
effect will occur when the D impurity is replaced by H
impurity.
In order to reexamine and verify the dynamics of the
plasma emission observed previously using a ns laser, the
spatially integrated, time-resolved emission spectra of the
same zircaloy sample were measured employing the ps laser,
with the same experimental settings except that the OMA
delay time in this experiment was varied over a different
range, from 1 ns to 20 ls. The detected spectra are presented
in Fig. 3(a). The detailed variations of the emission inten-
sities with respect to the gate delay time are given in Fig.
3(b). It is seen that all three emission lines display similar
rapid rises of intensity within the first 1 ls after the laser
pulse. After reaching its maximum, the Zr emission intensity
variation is followed by an almost equally sharp decline. On
the other hand, the D and H emission intensities show signifi-
cantly slower decline. This phenomenon of sustained emis-
sion of H and D has been observed previously and explained
as being indicative of the effective role of the helium meta-
stable excited state in sustaining the excitation processes of
H and D.16,17,19–22 This is in a way corroborated by the con-
comitant observation of the He I 667.8 nm emission, as
shown in Fig. 4, which implies the sustained presence of the
helium atoms in their metastable excited state.
Employing the favorable condition ascertained from the
experimental results described above, a series of subsequent
measurements were carried out on a number of zircaloy-4
samples prepared with different concentrations of doped deu-
terium. Shown in Fig. 5(a) are the emission spectra measured
from zircaloy-4 samples with deuterium concentrations of
60, 170, 540, and 900 lg/g. The associated calibration curve
is presented in Fig. 5(b). Each data point in Fig. 5(b) is the
average of 50 data, like one of those shown in Fig. 5(a), pro-
duced by 50 successive laser shots on the same sample spot.
This measurement was then repeated on five different spots
of the same sample surface. The results of these measure-
ments were found to be highly reproducible, implying the
uniformity of the impurity D distribution in the sample. It is
seen that the D impurity concentration and its associated
emission intensity exhibit a clearly linear relationship over a
much broader range than that reported previously.21 One fur-
ther observes that a practically zero intercept is also obtained
by the extrapolated calibration line. For the estimation of the
limit of D detection, the emission spectrum of a zircaloy-4
sample containing 60 lg/g D was measured. The detection
limit was estimated following the conventional criterion as a
ratio of the signal against three times the noise level. The
limit of detection (LOD) was found to be less than 10 lg/g.
FIG. 3. (Color) Emission spectra (a) and time profile (b) taken from zircaloy-4 sample containing 1700 lg/g of D in 1.3 kPa helium gas pressure for emission
lines of D I 656.1 nm, H I 656.2 nm, and Zr I 659.1 nm. Picosecond laser of 7 mJ energy was used with 200 ns gate width of the OMA system and different
gate delays of 1 ns, 500 ns, 1 ls, 5 ls, 10 ls, and 20 ls.
FIG. 4. (Color) Emission spectra of He I 667.8 nm taken from zircaloy-4
sample containing 1700 lg/g of D in 1.3 kPa helium gas pressure. Picosec-
ond laser of 7 mJ energy was used. The gate width of the OMA system was
set at 200 ns with different gate delays of 500 ns, 3 ls, and 10 ls.
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This value is well below the tolerated threshold of damaging
hydrogen concentration of 800 lg/g in a zircaloy vessel used
in a nuclear power plant. Taken together the results
described above have thus demonstrated the potential appli-
cation of this technique for useful regular quantitative H
analysis of zircaloy vessel.
For the study of possible application of the same setup
for determining the intensity variation with increasing crater
depth, a depth-profile measurement was carried out as
explained in the experimental procedure using a sample
doped with 900 lg/g D impurity. The emission intensities of
H, D, and Zr were measured stepwise, with every step con-
sisting of data detected from 50 successive shots, which
were then averaged to produce the result plotted in Fig. 6(a).
As the repeated laser shots directed onto the same spot of the
sample were expected to deepen the crater accordingly, the
intensity variation with the shot number effectively repre-
sents the intensity depth-profile of the associated emission.
Plotted in Fig. 6 are the variations of Zr emission intensity
with increasing shot number, measured separately with (a)
the ns and (b) the ps lasers, together with the corresponding
variations of D emission given in terms of its intensity ratios
with respect to the Zr emission intensity. It is seen that the
Zr I 659.1 nm intensities are more or less flat over the entire
process of 600 laser shots in both cases, in good agreement
with the well-known homogeneity of the sample. On the
other hand, the relative D distribution profiles exhibit a per-
ceptible difference between data obtained in the two meas-
urements. The data obtained with the ns laser show a
generally monotonic rise with the shot number, in clear
FIG. 5. (Color) Emission spectra (a) and calibration curve (b) taken from
zircaloy-4 sample containing different concentrations of D in 1.3 kPa helium
gas pressure. Picosecond laser of 7 mJ energy was used and the gate delay
and width of the OMA system were set at 10 ns and 50 ls, respectively.
FIG. 6. (Color) The variations of Zr emission intensity with increasing shot
number, measured separately with (a) the ns and (b) the ps lasers, together
with the corresponding variations of D emission given in terms of its inten-
sity ratios with respect to the Zr emission intensity. Zircaloy-4 sample con-
taining 900 lg/g of D was used as a sample. The helium gas pressure was
kept at 1.3 kPa. The gate delay and width of the OMA system were set at 10
ns and 50 ls, respectively, for ps laser data and 200 ns and 50 ls, respec-
tively, for ns laser data.
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contrast to the roughly constant Zr emission intensity.
Whereas the D intensity profile measured with the ps laser
resembles rather closely the Zr data, in good agreement with
the uniform distribution of the D impurity prepared for the
sample. This means that the intensity profile obtained with
the ps laser, appears to represent more faithfully the D impu-
rity distribution inside the sample. This result has thus fur-
ther demonstrated the advantage of the ps laser over the ns
laser.
It must be admitted that this experimental result does
not at this stage provide sufficient information for the
detailed exploration of the more favorable result obtained
with the ps laser. Nevertheless, one may envision some pos-
sible effect created by the relatively long heating process by
the much longer ns laser pulse. As a result, thermally
induced segregation or migration of the D impurity may take
place inside the sample, resulting in changes in its local dis-
tribution. Certainly this rather speculative explanation should
be further examined in a separate experiment.
CONCLUSION
We have demonstrated in this experiment the more con-
sistent and superior quality of the emission spectra of D, H,
and Zr from the D-doped zircaloy samples obtained at low
pressure He ambient gas by replacing the nano-second Nd-
YAG laser with its pico-second version, which was operated
at much lower energy of only 7 mJ. It is shown that equally
well resolved H I 656.2 nm and D I 656.1 nm was achieved
in the present experiment. Further, aside from producing a
smaller size crater on the sample surface, a linear intensity
versus concentration calibration line was obtained for the D
impurity over a much broader range of concentration (1600
lg/g) compared to the previous result of 200 lg/g obtained
by using the ns laser. The extrapolated calibration line also
exhibits a near zero intercept. These features, together with
the below 10 lg/g detection limit, have indicated the feasi-
bility of applying our experimental setup for quantitative
micro-analysis of H impurity in the zircaloy vessels used in
light water nuclear power plant. It is further shown that the
current setup using the ps laser can be developed for meas-
uring the H impurity concentration inside the sample and
thereby produce the much desired three-dimensional infor-
mation of the impurity distribution in the sample.
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